). There is also to those of other family members (Yu et al., 2000) . To a disulfide bridge between residue Cys232 on strand E begin to understand the structure and function relationand residue Cys245 on strand F, which is unique for ship of TALL-1 and its receptors, we determined the TALL-1, TALL-2, Tweak, and EDA (Bodmer et al., 2000) . crystal structure of sTALL-1.
The interfaces that form the trimer of sTALL-1 mostly consist of layered aromatic residues including Phe194,
Results and Discussion
Tyr196, and Tyr246 from three monomers, which are conserved for all TNF ligand family members. InterestOverall Structure ingly, one triple phenylalanine layer in TNFa, TNFb, The structure of the soluble portion of TALL-1 was deter-CD40L, and TRAIL is replaced by triple Leu282s in mined by the multiple isomorphous replacement method sTALL-1 trimer. There are two additional interaction layusing two mercury derivatives (Table 1) . The electron ers of triple residues in sTALL-1 trimer. One consists of density map was improved by solvent flattening. The residues Gln144 from reach monomers, forming an H structure has been refined to an R factor of 23.6% (R free bond net. Another layer is formed by three Leu285 resiof 25.2%) against data extending to 3.0 Å resolution in dues from C terminus of three monomers. The hyspace group P6 3 22, with ten sTALL-1 monomers in the drophobic interactions appear to be the main forces asymmetric unit (unit cell of 234 ϫ 234 ϫ 217 Å ). The driving trimer formation. current model of the sTALL-1 monomer contains residues
The unique flap region of sTALL-1 mediates trimer-142-285, with all side chains well defined ( Figure 1A) . trimer interactions that lead to a remarkable virus-like The structure of sTALL-1 consists of two layered antiassembly of the sTALL-1 trimers. There are ten sTALL-1 parallel ␤ strands that form a typical jellyroll-like ␤ sandmonomers in the asymmetric unit with a space group wich, as with other members of the TNF ligand family of P6 3 22 (Figure 2A Figures 2B and 2C) . Within the unit cell, there to known structures of other family members, the overall are two virus-like clusters. This structure resembles the structure of sTALL-1 is shorter along the three-fold axis T ϭ 1 virus structures such as satellite tobacco necrosis that generates the trimers ( Figure 1B ). This was even virus (STNV, Protein Data Bank accession number 2STV; more obvious when the trimers of sTALL-1 and TNF␣ Jones and Liljas, 1984) . The overall rmsd of main chain were superimposed, which generated an overall rmsd is 2.1 Å between sTALL-1 and STNV. In STNV structure, of 1.9 Å ( Figure 1C ). The effect is caused by the shortenfive monomers form a pentamer, a virus envelope is ing of two ␤ strand pairs, CD and EF ( Figure 1A ). This built up by 12 pentamers, and the interactions among is consistent with the fact that the connecting regions pentamers are mediated by two short helices. Interestingly, when the structure of TNF␣ was reported, the that link ␤ strands CD, EF, and GH are the most divergent authors noticed the structural similarity between TNF␣ interfaces that bring two trimers together, two of which are involved in the interactions of two momoners, layer and the capsid protein of STNV (Jones et al., 1989) . Moreover, they speculated that these two proteins could 1 and layer 2, respectively ( Figure 3B ). Layer 1 consists of residues Tyr192, Lys252, Glu254, and His218 from have evolved from a common ancestor and that TNF␣ may form a virus-like structure under certain circumone monomer and residues Tyr192Ј, Lys252Ј, Glu254Ј, and His218Ј from another monomer. The side chains of stances (Jones et al., 1989) . The structure of sTALL-1 is a piece of strong evidence supporting that speculation.
residues Lys252 and Glu254 form ionic bonds with those of residues Glu254Ј and Lys252Ј. These interactions are further strengthened by the hydrogen bond net formed Trimer-Trimer Interactions The trimer-trimer interactions are extensive. They include by side chains of all residues from this layer ( Figures  3C and 3D) . Interestingly, except residues His218 and not only hydrogen bond networks and salt bridges but also hydrophobic contacts. Residues involved in trimerHis218Ј from the flap regions, all others are from ␤ strands C and F. These interactions could exist in other trimer interactions are from not only the monomer that contributes the flap region but also the neighboring TNF ligand members that do not contain a distinguishable flap region. Further investigation of the biological monomer as well ( Figures 3A and 3B) . Due to the resolution limitation, detailed hydrogen bond networks will not consequence of the interaction for other members will be of great interest and importance. be discussed here. There are three major interaction Layer 2 consists of residues Lys216, Glu223, Leu224, Val227, and Leu229 from each monomer ( Figures 3E  and 3F ). The side chains of residues Lys 216 and Glu223 from one monomer form ionic bonds with Glu223Ј and Lys216Ј of another. The side chains of residues Val227, Leu229, part of Lys216, and Glu223Ј form one hydrophobic core, and the side chains of Val227Ј, Leu229Ј, part of Lys216Ј, and Glu223 form another. The interaction of residues Leu224 and Leu224Ј further bolsters the flapflap interactions (Figures 3E and 3F) .
The interactions of the third layer are among three monomers, monomer 1, 1Ј, and 2Ј ( Figure 3G ). The side chain of residue Val219 from the flap region of monomer 1 interacts with the side chains of residues Ile150 and Leu169 of monomer 2Ј to form one hydrophobic core. The side chain of residue Phe220 from the flap region of monomer 1, side chains of residues Tyr192 and Ile250 from monomer 1Ј, and the side chain of residue Phe172 from monomer 2Ј form another hydrophobic core. The two hydrophobic cores, which bring three monomers together, are separated by the main chain of the flap from monomer 1 ( Figures 3G and 3H ). Additional hydrogen bonds formed by three monomers at this region further intensify these tri-monomer-monomer interactions. We believe that these interactions also greatly improve the stability of the traditional trimer, which is formed by monomers 1, 2, and 3 or monomers 1Ј, 2Ј, and 3Ј ( Figure 3A ).
The Existence of Virus-like Clusters in Solution
We employed two methods, gel filtration and electron microscopy, to confirm that the virus-like assembly of sTALL-1 exists in solution and is not the result of a crystal-packing artifact. The assembly state of sTALL-1 was investigated on a Superose-6 gel-filtration column. From the final elution profile, the sTALL-1 sample contains assemblies with an estimated molecular weight greater than 670,000 Da and smaller than 2,000,000 Da, consistent with the calculated molecular weight of the 60-mer virus-like assembly of approximately 1,200,000 Da. To evaluate the stability of the assembly, different salt concentrations were applied. Three salt concentrations (10 mM NaCl, 500 mM NaCl, and 1 M NaCl in 50 mM Tris-HCl buffer at pH 8.0) led to the same sharp elution profile, consistent with our structural information that the trimer-trimer interactions involve not only electrostatic contacts but also extensive hydrophobic contacts. These results also can be repeated on the physiological condition. To find out if there is an equi-7). For example, residues Met208 and Ile212 on strand librium between clusters and trimers, the two peaks D must be hydrophobic for the proper formation of the corresponding to clusters and trimers were collected, hydrophobic core. A similar situation exists for residues concentrated, and finally applied back to the same gelLeu229 and Phe230 on strand E. All other family memfiltration column. For the cluster peak fraction, the same bers with unknown structures were aligned according elution profile was obtained, a single sharp and symmetto this pattern (Figure 7) . ric peak at the cluster position; there was no detectable From the alignment results, it is obvious that the loop sTALL-1 at the trimer position. On the other hand, the region connecting ␤ strands D and E is diverse. sTALL-1 trimer peak fraction generated two peaks corresponding has the longest sequence in this region. It is difficult to to the cluster and trimer positions ( Figure 4A . We reason that a nonfunctional mutator, making it a possible candidate for this purpose. One concern is that the valence difference could make the tion of sTALL-1, which still has similar binding affinity to its receptors competing with native sTALL-1, could mutant sTALL-1 less competitive. noncrystallographic symmetry constrains. The output model was then subjected to the "slow cooling" dynamic annealing refinement and a group B factor refinement. The final refined R factor is 23.6% and R free is 25.2%. It is a surprise to us that there are no mercury atoms in the sTALL-1 structure, which is derived from the pre-HgCl 2 , treated sample, although the behavior of the sTALL-1 sample was completely changed after the HgCl 2 treatments.
Electron Microscopy
A volume of 5 l of sTALL-1 suspension (5 mg/ml) was applied for 1 min onto carbon-coated grid previously glow discharged. After removing the excess liquid with a filter paper, the grid was washed with 2 drops of buffer and then negatively stained with saturated uranyl acetate. Electron micrographs were recorded at a magnifica- 
Protein Binding and Transfection Assays
Wild-type multimeric sTALLl-1 and mutant trimeric sTALLl-1 were tional heavy-atom screens were carried out. Two mercury derivatives (Table 1) 
